The Pat1 protein is a central player of eukaryotic mRNA decay that has also been implicated in translational control. It is commonly considered a central platform responsible for the recruitment of several RNA decay factors. We demonstrate here that a yeastspecific C-terminal region from Pat1 interacts with several short motifs, named helical leucine-rich motifs (HLMs), spread in the long C-terminal region of yeast Dcp2 decapping enzyme. Structures of Pat1-HLM complexes reveal the basis for HLM recognition by Pat1. We also identify a HLM present in yeast Xrn1, the main 5′-3′ exonuclease involved in mRNA decay. We show further that the ability of yeast Pat1 to bind HLMs is required for efficient growth and normal mRNA decay. Overall, our analyses indicate that yeast Pat1 uses a single binding surface to successively recruit several mRNA decay factors and show that interaction between those factors is highly polymorphic between species.
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mRNA decapping | eukaryotic mRNA decay | protein-protein interaction | yeast M essenger RNA (mRNA) decay is a highly regulated process that finely tunes protein production, contributing thereby to numerous processes including cell cycle control, cellular responses to environmental cues, and development. In eukaryotes, mature cytoplasmic mRNAs are protected from rapid and uncontrolled degradation by two main cis-acting stability determinants: a 7-methylguanosine cap (m 7 GpppN, where N is any nucleotide) and a poly(A) tail present at their 5′ and 3′ extremities, respectively. The decay of functional mRNAs is initiated by 3′ poly(A) tail shortening followed by degradation via either the 5′-to-3′ or 3′-to-5′ mRNA decay mechanisms, the former being the principal mode of degradation (1) . In the 5′-to-3′ pathway, the 5′ cap is eliminated by an essentially irreversible process known as decapping, which consists of the severing of the m 7 GDP moiety of the cap. This reaction is mediated by the decapping holoenzyme composed of the catalytic subunit Dcp2 and its cofactor Dcp1 (2) (3) (4) (5) . The resulting 5′ monophosphorylated RNA molecule can then be rapidly degraded by the 5′-to-3′ exonuclease Xrn1 (6) . Because decapping definitively removes mRNAs from the pool of translatable templates present in cells, it is a critical step that is tightly regulated.
Hydrolytic cleavage of the cap is mediated by the Dcp2 NUDIX domain (3-5). However, Dcp2 and the decapping holoenzyme have a low intrinsic catalytic activity and requires accessory factors, such as Lsm1-7, Pat1, or Edc1-4 proteins, to be fully efficient (5, 7, 8) . Among these cofactors, Pat1 (Pat1b in mammals, HPat in fruitfly) appears as a central and critical component of the decapping machinery. First, PAT1 gene deletion results in a strong inhibition of decapping in vivo in Saccharomyces cerevisiae (9, 10) . Second, beyond DCP1 and DCP2, which are essential genes, the deletion of PAT1 gene exhibits the strongest phenotype among accessory decapping factors with slow growth at 30°C and lethality at 37°C (9, 11) . Pat1 is considered a central platform, recruiting numerous mRNA decay factors and uses different regions to interact with these partners. Hence, the Pat1 N-terminal region contacts the Dhh1 helicase (RCK/p54/DDX6 in mammals, Me31B in fruitfly) and this interaction was proposed to modulate Dhh1 interaction with RNA (12) (13) (14) (15) . The central domain (M for middle) is involved in Lsm1-7 recruitment (8, 12, 13, 16) but also interacts with DCP2 as well as subunits of the CCR4-NOT RNA decay complex in metazoan (13, 17) . Finally, Pat1 harbors an α-helical C-terminal domain (hereafter Pat1C). This region displays a strongly conserved surface responsible for the direct interaction with Lsm2 and Lsm3 proteins from the Lsm1-7 complex, which binds to the 3′ end of oligoadenylated mRNAs (9, 10, (18) (19) (20) (21) . Pat1C is also important for Dcp2 and Xrn1 binding in yeast and human (8, 17, 22) as well as for yeast Edc3 (21) and human EDC4 recruitment (12) . While the Dcp2, Xrn1, and EDC4 binding sites on Pat1C remain to be identified, the region responsible for yeast Edc3 binding has been mapped using the two-hybrid assay to a conserved region, which is only present at the C-terminal extremity of fungal Pat1 proteins (21) . However, whether this Pat1-Edc3 interaction is direct or bridged by other factors remains unclear.
In this paper, we show that the fungal-specific C-terminal Pat1 extension binds to several helical leucine-rich motifs (HLMs) located within S. cerevisiae Dcp2 C-terminal region, thereby bridging Pat1 and Edc3 proteins. We also identify a HLM signature present in fungal Xrn1 proteins and demonstrate that this motif is important for Xrn1 recruitment by the same Pat1 site. Specific disruption of the Pat1 surface interacting with HLMs results in a thermosensitive
Significance
Control of mRNA synthesis and decay is crucial for cells to adapt to their environment and for proper development. The 5′ end of eukaryotic mRNAs is modified by a structure called cap that protects them from rapid and uncontrolled decay. During mRNA decay, this cap is removed by a specialized and finely regulated multiprotein factory called decapping complex. Our results support a model in which the two major enzymes responsible for mRNA decapping (Dcp2) and decay (Xrn1) are sequentially recruited to mRNAs by the same surface from Pat1, a scaffolding protein central for decapping. As this Pat1 region is important for growth and specific to fungi, this is a potential target for the development of drugs against pathogenic yeasts.
phenotype and impairs mRNA decay, demonstrating its functional significance. Altogether, our results support a model for efficacious mRNA decay through a Pat1-mediated coordinated recruitment of Dcp1-Dcp2 complex to capped mRNAs followed by recruitment of Xrn1 to the uncapped mRNAs for further degradation. Our data provide another example of the role of short linear motifs (SLiMs) in the formation of multiprotein assemblies involved in decapping and support further the plasticity of these interaction networks (23) .
Results
The Pat1C Domain Binds Dcp2 That Bridges Interaction with Edc3. We have previously shown using a yeast two-hybrid assay that the fungal-specific and conserved region located at the C-terminal part of Pat1C was important for interaction with Edc3 (21) . Analysis of a deletion mutant demonstrated that the same region was required as well for growth at 37°C (21) revealing its functional importance.
As both Edc3 and Pat1C are known to bind Dcp2 (24), we investigated whether the observed Edc3-Pat1 interaction was direct or whether it could be bridged by Dcp2. For this purpose, we tested the ability of Pat1 to interact with Edc3 using the two-hybrid assay in specifically built yeast host strains expressing endogenous Dcp2 versions with various truncations of their C-terminal domains (Fig. 1A) . Indeed, our own data (see below) as well as data published while this work was in progress (22) , supported the idea that the dispensable long C-terminal region of Dcp2 located downstream of its NUDIX domain mediates interaction with Pat1. As previously reported (21), a two-hybrid signal significantly above background was observed between full-length Pat1 and Edc3 in the wild-type (WT) host strain (Fig. 1B) . A similar signal was detected in a two-hybrid host strain expressing a shorter Dcp2 protein encompassing residues 1-663, while it was reduced to background level in strains for which endogenous Dcp2 was essentially reduced to the critical NUDIX domain (residues 1-300 or 1-247, Fig. 1B ). These observations do not result from a reduced ability of the mutant yeast strains to report interaction, as the Dhh1-Pat1 interaction, which is known to be direct (15) , is similarly detected in the four yeast strains (Fig. 1C) . No interaction of Edc3 with a Pat1 protein lacking its Cterminal conserved extension [i.e., residues 728-796 (Pat1ΔC68)] was detected, whichever form of endogenous Dcp2 was present (Fig. 1B) . In contrast, Dhh1, which is known to bind to the N terminus of Pat1, interacted efficiently with the Pat1ΔC68 two-hybrid fusion, indicating that this construct is well expressed in all four yeast backgrounds. Overall, these data support the conclusion that the Dcp2 C-terminal extension bridges Pat1 and Edc3 in S. cerevisiae. They also indicate that residues 300-663 from Dcp2 are important for bridging Pat1 and Edc3. To confirm that Dcp2 interacts with the Pat1 Cterminal extension, we assayed the interaction of Dcp2 with Pat1 or Pat1ΔC68 using the two-hybrid assay in the wild-type yeast strain. This confirmed that, while Dcp2 interacts with full-length Pat1, it is unable to interact with the Pat1 construct lacking the C-terminal 68 residues (Fig. 1D ).
Pat1C Domain Interacts Directly with Repeated Regions from Dcp2
C-Terminal Extension. An in vitro pull-down experiment using proteins expressed in Escherichia coli demonstrated that the Pat1C-Dcp2 interaction is direct and that, for the Dcp2 construct, the region encompassing residues 316-460 is necessary for binding ( Fig.  2A) . To delineate more precisely the region(s) of Dcp2 interacting with Pat1, various Dcp2 truncations were tested. Yeast two-hybrid assays demonstrated the C-terminal region located downstream of its NUDIX domain was important for binding and, in particular, that constructs encompassing Dcp2 residues 368-460, 450-663, and 436-663 interacted efficiently with Pat1 (Fig. 2B) . Moreover, these constructs did not interact with Pat1ΔC68 (Fig. 2B) . Interestingly, these Dcp2 regions share in common a linear motif (HLM). In S. cerevisiae Dcp2, 10 HLMs harboring a LLXΦL (Φ designing a hydrophobic residue) consensus motif The interaction between these two factors was scored by assaying the β-galactosidase activity as for B. (D) The fungal-specific C-terminal extension from Pat1 is required for Pat1 interaction with Dcp2. Dcp2 and Pat1 were fused to the DBD and AD domains, respectively. The interaction between these two factors was scored by assaying the β-galactosidase activity in the strain expressing the wild-type Dcp2 from its chromosomal locus.
have been previously identified (25) (Fig. 2 B and C) and such motifs were reported to mediate the interaction of Dcp2 with Edc3 and Scd6 Lsm domains in fission yeast (26) . More recently, while this work was in progress, 8 of these HLMs were proposed to mediate Dcp2 binding to Pat1 in S. cerevisiae from yeast two-hybrid experiments (22) .
To investigate whether these Dcp2 HLMs are indeed directly responsible and sufficient for Pat1 binding, we produced and purified each of these 10 HLMs as GST fusions (GST-HLMs) and performed pull-down assays on NiNTA beads in the presence of His 6 -tagged Pat1C (Fig. 2D) . With the exception of two GST-HLM fusions, which were not (GST-HLM1) or only slightly (GST-HLM9) retained on NiNTA beads when incubated with His 6 -tagged Pat1C, the remaining (GST-HLM2, 3, 4, 5, 6, 7, 8, and GST-HLM10) were efficiently pulled-down by His 6 -Pat1C, but with different apparent affinities. To quantify precisely the affinity between Pat1C and these 8 HLM peptides, we chemically synthesized short peptides corresponding to each of these 8 different HLMs N-terminally fused to FITC, as well as their unmarked counterpart, and performed fluorescence polarization experiments. In agreement with our pull-down experiments, all these peptides bind Pat1C with different affinities ( Fig. 2C and SI Appendix, Fig. S1A ). The HLM2, HLM3, and HLM10 peptides were found to interact with Pat1C with dissociation constants in the 5-to 10-μM range, while HLM4 to HLM8 exhibited dissociation constants higher than 19 μM. Chase experiments of the HLM2 fluorescent peptide by increasing concentrations of the corresponding unlabeled peptide led to a similar K d value (3.8 μM), ruling out any major effect from FITC on binding of HLM peptides to Pat1C (SI Appendix, Fig. S1B ).
Altogether, these results indicate that multiple short linear HLM motifs located within the Dcp2 C-terminal long extension are sufficient to directly bind the conserved fungal specific region of Pat1.
Structural Bases of Pat1C-Dcp2 Interaction. To elucidate the molecular bases underlying the interaction between Pat1C and Dcp2, we crystallized Pat1C with the HLM peptides exhibiting the highest affinity for Pat1C (i.e., HLM2, HLM3, and HLM10). As wild-type Pat1C failed to crystallize in the presence of these peptides, we performed cocrystallization using the Pat1C mutant Q706A/ L713A, which is not affected in HLM binding (SI Appendix, Fig.  S1C ). Crystals were obtained for this Pat1C mutant in the presence of a twofold molar excess of HLM3 peptide and were further used to obtain crystals of complexes with either HLM2 or HLM10 peptides by streak seeding. These crystals allowed us to determine the structures of Pat1C:HLM2, Pat1C:HLM3, and Pat1C:HLM10 complexes by molecular replacement and refining these at 2.6-Å, 2.15-Å, and 1.9-Å resolution, respectively (SI Appendix, Table S4 ). For each complex, two copies of Pat1C: HLM complex are present in the asymmetric unit and are arranged in an intricate head-to-tail organization characterized by a large interacting surface area (more than 1,800 Å 2 ; SI Appendix, Fig. S2A ). This arrangement is similar to that observed for our previously solved crystal structure of apo Pat1C WT (21) . When comparing all Pat1C structures either in the apo form (WT) (21) or bound to various HLMs (this work), the rmsd values range from 0.25 to 0.65 Å, indicating that all these structures are virtually identical.
All three Dcp2 HLM peptides fold as an amphipathic α-helix and bind to the same Pat1C cavity ( the PISA server) (27) , a classical value for protein-peptide complexes (28) . Chase experiments further confirmed that unlabeled HLM3 peptide competes with FITC-labeled HLM2 peptide to bind to Pat1C domain (SI Appendix, Fig. S2C ). In addition to this main surface area, the HLM peptides are interacting with neighboring Pat1C molecules in the crystal packing. However, the contacts between the HLM peptides and lattice mates exhibit small interface areas and differ with respect to the three peptides used and between the two Pat1-HLM complexes present in the asymmetric units (SI Appendix, Fig. S3 ). This further supports that the Pat1-HLM interfaces with the largest surface is the biologically relevant one. The Pat1C region involved in HLM binding is formed by the N-terminal half from helix α14, the C-terminal end from helix α15, and the short C-terminal two-stranded β-sheet. It then mostly corresponds to the highly conserved and fungi-specific Pat1C C-terminal extension that we have identified previously as functionally important (Fig. 3 A and B) . Pat1C residues interacting with HLM peptides are strongly conserved within yeasts and form a large and central hydrophobic patch surrounded by charged residues (Fig. 3 B and C) . The details of the interface between Pat1C and HLM peptides discussed here are solely based on the structures with HLM3 and HLM10 peptides, because the crystals of Pat1C-HLM2 complex suffered from high anisotropy diffraction and the quality of the 2Fo-Fc electron density map (particularly for the side chains) is not sufficient for detailed analysis. The hydrophobic face of the HLM amphipathic helix, composed of the three leucines from the L n1 L n2 XΦL n3 motif, is oriented toward the Pat1C hydrophobic patch. Indeed, HLM L n1 is clamped between L717, I724, and L785 from Pat1C, HLM L n2 interacts with L785 and I792, and HLM L n3 contacts I731, F732, L785, and I792 (Fig. 3 B and C) . The importance of these conserved leucine residues for the binding of Dcp2 HLM to Pat1 is confirmed by the disruption of the Pat1-Dcp2 interaction upon mutations of L443 (L n1 ) and L444 (L n2 ) from HLM2 into alanine as observed by fluorescence polarization experiments (SI Appendix, according to yeast two-hybrid assays (Fig. 2B) . A similar observation was made when both L492 and L493 from HLM3 were mutated into alanines {Dcp2 [450-663]} (Fig. 2B) . Because constructs carrying only a single HLM (either HLM2 or HLM3) interact with Pat1, we conclude that these motifs are independently able to interact with Pat1 in vivo. Moreover, a higher β-galactosidase is detected with the construct carrying both HLM2 and HLM3 {Dcp2 [436-663]}, suggesting that several Pat1 molecules may bind simultaneously to a single Dcp2 C-terminal tail (Fig. 2B) .
Although the Pat1-Dcp2 HLM interaction is largely hydrophobic, some electrostatic contacts are observed in these Pat1C-HLM complexes. The side chain from the highly conserved R728 from Pat1C interacts with the carbonyl group of the Φ residue from the HLM α-helix (Leu495 from HLM3 and Ile966 from HLM10) and hence is well positioned to form an electrostatic interaction with the C-terminal negatively charged end of HLM helix (Fig. 3D) . Such an interaction is very likely to be involved in the interaction of Pat1 with all its HLM partners and might rule the C-terminal end of Dcp2 HLM helices. Another hydrogen bond observed in both crystal structures is formed between Pat1 M783 carbonyl group and the hydroxyl groups from either HLM3 S489 (Fig. 3E) or HLM10 S960, which correspond to position −3 relative to L n1 . However, such an interaction would probably be restricted to HLM3, HLM4, and HLM7-10 as the residues present at the corresponding position on the other HLMs cannot form hydrogen bonds through their side chains (Fig. 2C) . Additional electrostatic interactions are also observed in only one of the two complexes. For instance, H486 from HLM3 forms a hydrogen bond with Pat1 E794, while E962 from HLM10 forms a salt bridge with Pat1 R721 (SI Appendix, Fig. S4 B and C) . According to HLM sequences, K821 from HLM6 and K891 from HLM8, which correspond to HLM3 H486, could also interact with Pat1 E794 side chain and form salt bridges (Fig. 2C) . Similarly, residues from HLM5, HLM7, and HLM8 corresponding to HLM10 E962 are also glutamic acid, indicating that they are very likely to form a salt bridge with R721 from Pat1 (Fig. 2C) . These HLM-specific interactions could explain the differences in the K d values measured for the Dcp2 HLM peptides. Mutation of conserved polar residues in the periphery of the hydrophobic pocket of Pat1C (mutants Pat1C-Q720A/R721A/D725A/R728A and Pat1C-R721A/R728A/ F732A/E794A) resulted in significantly reduced affinities for HLM3 and HLM10 peptides as determined by fluorescence polarization (SI Appendix, Fig. S4 D and E) . Notably, both mutants displayed a more important reduction in affinity for HLM10 than for HLM3, which correlates with R721 from Pat1C being engaged in a salt bridge with E962 (HLM10) while not contacting any HLM3 residue (SI Appendix, Fig. S4 D and E) . Interaction between Pat1C-R721A/R728A/F732A/E794A and HLM3 or HLM10 appeared to be weaker than the one observed with Pat1C-Q720A/ R721A/D725A/R728A. This later observation can be explained first, by the disruption of hydrophobic contacts through the substitution of F732 by alanine (Fig. 3C ) and, second, by the impairment of the hydrogen bonds between E794 and H486 (HLM3; SI Appendix, Fig. S4B ).
An additional mutant was generated to disrupt the Pat1-Dcp2 interaction for functional studies. Two conserved isoleucines (I724 and I731) from Pat1, which contact L n1 and L n3 of the HLMs (Fig. 3C) , respectively, and hence are at the center of the Pat1 hydrophobic patch, were substituted by arginine to generate the Pat1C-I724R/I731R mutant (hereafter named Pat1C-II/RR). This mutant protein displayed a gel filtration behavior similar to the one observed for the wild-type Pat1C domain, supporting a correct overall folding. These mutations were sufficient to abolish the interaction between Pat1C and Dcp2 [435-508] in vitro (Fig. 3F) . The same mutation introduced in a full-length Pat1 prevented its interaction with Dcp2 in a two-hybrid assay (SI Appendix, Fig. S4F ). This further indicates that this Pat1 region is essential for in vivo interaction with Dcp2. To assess the functional significance of HLM binding by Pat1C, we next examined the phenotype of the Pat1 II/RR mutant in combination with inactivation of DHH1 or with a double deletion of EDC3 and SCD6. We previously showed that pat1Δ/dhh1Δ and pat1Δ/edc3Δ/scd6Δ strains exhibit a growth defect phenotype, which cannot be rescued by expression of a Pat1 protein lacking either its entire C-terminal domain (Pat1ΔC) or the last 68 C-terminal residues (Pat1ΔC68) (21) . Interestingly, the Pat1 II/RR introduced on a plasmid in the pat1Δ/dhh1Δ and pat1Δ/edc3Δ/scd6Δ strains behaves identically to Pat1ΔC68 in being unable to rescue its growth defect, in contrast to wild-type Pat1 (SI Appendix, Fig. S4G ). To confirm these observations without potential variability resulting from plasmid copy number heterogeneity, we constructed a yeast strain carrying the II/ RR allele at the chromosomal PAT1 locus using the CRISPR/Cas strategy. This mutation was introduced in the scd6Δ/edc3Δ context by crossing and growth of the resulting strains compared with isogenic derivatives carrying a pat1Δ allele instead. Combination of the Pat1 II/RR mutation with scd6Δ/edc3Δ resulted in synthetic growth phenotype indistinguishable from the one observed for the association of pat1Δ with scd6Δ/edc3Δ (Fig. 3G) . Western blot analyses confirmed that wild-type Pat1 and the II/RR mutant were present at similar levels (SI Appendix, Fig. S5 ) in these strains, thus ruling out that instability of the mutant protein could be responsible for the synthetic phenotype. The Pat1 II/RR strain also displayed a thermosensitive growth phenotype (Fig. 3 G and H) .
Altogether, these results demonstrate that the Pat1 region involved in HLM binding is functionally important. The thermosensitive phenotype was nevertheless not as strong as the one observed in a Δpat1 strain, indicating that the mutant protein harbors residual activity (Fig. 3 G and H) . However, a yeast strain expressing a truncated version of Dcp2, which does not interact with Pat1, e.g., Dcp2 containing only HLM1 does not phenocopy the thermosensitive phenotype of Pat1 II/RR at 37°C (Fig. 3H) . This observation indicates that the disruption of the Pat1-Dcp2 interaction in the II/RR mutant is not entirely responsible for the observed phenotype. In turn, this suggests that this Pat1 region might be responsible for the interaction with at least another partner.
Dcp2-Binding Site On Pat1C also Recruits Xrn1 Exonuclease and Is
Important for RNA Decay. To identify an additional putative Pat1 interacting factor, we searched for a potential HLM signature in two other Pat1 partners that were previously reported to interact with Pat1C, namely, Dcp1 and Xrn1 (9) . Close inspection of the S. cerevisiae Xrn1 sequence revealed the presence of a putative HLM (with core sequence 1287 LLNFI 1291 ), reminiscent of Dcp2 HLMs, near its C terminus in a region that is predicted to be unstructured. Interestingly, similar motifs are conserved in Xrn1 C termini from different yeast species in which Pat1C also displays the yeast-specific C-terminal extension (Fig. 4A) . To test whether this putative HLM can mediate interaction between Xrn1 and Pat1, we fused the Xrn1 region [1, 301 ] to GST and performed an in vitro His pull-down assay in the presence of a His 6 -tagged version of either wild-type Pat1C or Pat1C-II/RR. This GST-Xrn1[HLM] was specifically pulled down by wild-type Pat1C but not by the Pat1C-II/ RR mutant (Fig. 4B ). This indicates, first, that this HLM is involved in Xrn1 binding to Pat1C and, second, that it binds to the same region as Dcp2 HLMs on Pat1C. A fluorescence anisotropy experiment on a FITC-labeled Xrn1[HLM] peptide revealed a dissociation constant (K d ) of 50 μM (SI Appendix, Fig. S6 ). These results suggest that Pat1/Xrn1 interaction could be, at least in part, mediated by this HLM. The interaction of Pat1 with Xrn1 was then monitored in vivo using a two-hybrid system (Fig. 4C) . We detected a two-hybrid interaction between Pat1 and a truncated Xrn1 construct encompassing residues 1-1,456. This construct contains the Xrn1 HLM region and when Leu1287 and Leu1288 from this motif were simultaneously substituted by Ala, the two-hybrid interaction was lost (Fig. 4C) . The Xrn1-Pat1 interaction was also obliterated by the Pat1-II/RR mutation (Fig. 4C) . Altogether, the two-hybrid results confirm that the in vivo association of Xrn1 with Pat1 occurs through a HLM-Pat1C interaction.
To analyze the functional impact of Pat1C HLM-binding surface, we compared the decay of the MFA2pG reporter mRNA in the wild-type strain and the isogenic strain carrying the Pat1-II/RR chromosomal mutation. The plasmid encoding the GAL-promoter driven MFA2pG reporter was introduced in both strains and the expression of the reporter mRNA was induced by growth in galactose. RNA samples were collected at various time points after glucose had been added to repress the GAL promoter and the levels of the MFA2pG reporter mRNA in each sample were determined by Northern blotting. While in the wild-type strain, the MAF2pG mRNA half-life is 3 min (Fig. 4D) , in the Pat1-II/RR strain, the MAF2pG mRNA half-life is twice as long (i.e., half-life of 6.3 min). This demonstrates that the surface of Pat1 that recruits Dcp2 and Xrn1 is functionally important for mRNA decay in yeast.
Discussion
Eukaryotic mRNA decay is a highly regulated and concerted process involving several proteins that are mostly part of multiprotein assemblies. It typically initiates with the shortening of the 3′ poly(A) tail by deadenylases (29) . It can then continue from the 3′ end through the action of the 3′-to-5′ exonucleolytic activity of the cytoplasmic exosome or alternatively through 5′-cap removal by decapping followed by 5′-to-3′ decay (1). The latter is considered the major mRNA decay pathway in yeast.
In this paper, we have analyzed the C-terminal domain from S. cerevisiae Pat1 protein, a central scaffolding protein inhibiting translation initiation and stimulating the Dcp2 decapping enzyme (8, 30) . Our results have implications for the coordination of events leading to the degradation of mRNAs via the 5′-to-3′ pathway and for the evolution of the protein interaction networks involved in eukaryotic mRNA decay. Finally, the Pat1 region, which is important for the recruitment of mRNA decay enzymes and for growth, is specific to fungi and is therefore of potential interest for the development of future antifungal drugs.
Pat1-Coordinated Recruitment of Dcp2 and Xrn1 to the 5′ End of Deadenylated mRNAs. Pat1 is a key player in mRNA degradation by serving as a platform that recruits decapping factors and their activators. Its C-terminal domain is particularly important as testified by the thermosensitive phenotype resulting from its deletion (21) . A conserved surface located at the N-terminal edge of the Pat1C domain is functionally critical as it binds to the Lsm1-7 heteroheptameric complex to form the Lsm1-7/ Pat1 complex, which interacts preferentially with the 3′ tail of oligoadenylated mRNAs (12, 18-21, 31, 32) . Here, we identify another functionally important region located at the opposite edge of the Pat1C domain, i.e., the C-terminal extremity, which is conserved in fungal homologs (21) . First, we show that this Pat1 region interacts with at least eight HLMs from S. cerevisiae Dcp2, in agreement with recent two-hybrid results (22) . This would allow Dcp2 to recruit several mRNPs each containing a Lsm1-7/Pat1 complex associated with one mRNA targeted for degradation. This could result in a more efficient mRNA degradation offering an evolutionary advantage (Fig. 5A) . In Schizosaccharomyces pombe, several HLMs from Dcp2 were described to be involved in Edc3 and Scd6 binding and this multivalency was shown to be involved in P-body formation (26) . This does not seem to be the case for the Pat1-Dcp2 interaction, as the expression of the Dcp2 [1-300] fragment lacking all HLMs involved in the recruitment of Pat1 supports P-body formation in S. cerevisiae (24) . Finally, as the yeast Dcp2 C-terminal extension was also shown to contain a cis-acting inhibitory element (residues 350-375) (22) , the concomitant recruitment of Pat1 proteins to several HLMs on a single Dcp2 molecule could induce either conformational changes of this Dcp2 C-terminal tail or steric hindrance, thereby preventing Dcp2 inhibition by this cisacting element. This could also rationalize the Pat1 role as a decapping activator.
Furthermore, we show that this conserved Pat1C region specific to yeasts, is also responsible for direct recruitment of Xrn1) involved in the 5′-to-3′ mRNA decay pathway. Hence, Pat1C bridges 5′ and 3′ ends from mRNAs undergoing degradation and then is ideally positioned to coordinate the action of both enzymes on oligoadenylated mRNAs (Fig. 5A) . The central role of this Dcp2-and Xrn1-binding surface on Pat1C in mRNA decay is perfectly illustrated both by the strong thermosensitive phenotype (Fig. 3H ) and the stabilization of the MFA2pG mRNA reporter (Fig. 4D ) associated with the Pat1-II/RR mutant. As the HLM peptides that we have identified in S. cerevisiae Dcp2 and Xrn1 compete to interact on the same surface of the Pat1C domain, we propose that in yeasts, the Lsm1-7/Pat1 complex recruits in a stepwise manner Dcp2 to deadenylated mRNA substrates to remove the 5′ cap and then Xrn1 to perform rapid 5′-to-3′ exonucleolytic digestion of decapped mRNAs (Fig. 5A) . Such a Pat1-mediated stepwise recruitment of Dcp2 and Xrn1 would ensure an efficacious mechanism for rapid mRNA degradation by Xrn1 following decapping by Dcp2. Our model is supported by several observations: (i) the Lsm1-7/ Pat1 complex enhances the interaction of Dcp2 with mRNAs (31); (ii) Pat1 has been described as an activator of Dcp2 (8) (9) (10) 16) ; (iii) Pat1 recognizes Dcp2 in one of its most active forms, i.e., bound to its two most potent activators Dcp1 ( Fig. 2A) and Edc3 (Fig. 1B) ; (iv) capped oligoadenylated mRNAs accumulate in pat1Δ mutant in yeast (9); (v) the Lsm1-7/Pat1 complex still binds to deadenylated mRNAs after decapping (31); (vi) the Lsm1-7/Pat1 complex copurifies with Xrn1 (9); and (vii) xrn1Δ cells accumulate deadenylated mRNAs lacking cap structure (6) . The exchange of the partner of the Lsm1-7/Pat1 complex, i.e., Dcp2 replacement by Xrn1, could be triggered by the removal of the 5′ cap. Although the 5′ cap does not enhance affinity of Dcp2 for capped mRNAs (33) , it should prevent Xrn1 binding to these mRNAs according to the crystal structure of an Xrn1-substrate complex (34) . Furthermore, although several HLMs from Dcp2 exhibit higher affinities for Pat1C than the Xrn1 HLM motif in vitro ( Fig. 2C and SI Appendix, Fig. S6 ), Xrn1 but not Dcp2 copurifies with the Lsm1-7/Pat1 complex in vivo (9) . This preferential association might result from the abundance of Xrn1, which is about two to seven times more abundant than Dcp2 in S. cerevisiae (35) (36) (37) . It could also be due to additional partners or Xrn1 regions, which could strengthen the interaction between Xrn1 and the Lsm1-7/Pat1 complex in vivo. In summary, we propose an optimized model in which the Lsm1-7/ Pat1 complex sequentially recruits Dcp2 and then Xrn1 for degradation of deadenylated mRNAs. A coordinated recruitment of decay factors to mRNAs undergoing decay was previously suggested for metazoan (12, 23, 38) but further experiments to investigate such mechanisms are definitely needed. conserved regions. These later are mostly disordered regions containing SLiMs, which most of the time fold upon partner binding. These SLiMs actively participate in the rewiring of interacting networks made by these conserved decapping factors in S. cerevisiae, fruitfly, and human cells (23) . For instance, S. cerevisiae Scd6, Edc3 (as well as their human and fruitfly orthologs), and Pat1 harbor conserved FDF motifs that compete to bind to the same region of Dhh1/DDX6 helicases (15, 39) . A SLiM found in Edc3 proteins from Saccharomycetaceae phylum has also been shown to mediate Edc3 interaction with Rps28 ribosomal protein and then to participate in an autoregulatory feedback loop controlling RPS28B mRNA levels (40) . The Lsm domains from metazoan EDC3 and LSm14A (yeast Scd6) bind to a HLM region present in DCP1 (26) . Interestingly, the yeast Edc3 Lsm domain also interacts with a HLM-like peptide, which is located in Dcp2 (5, 22, 24, 26) . Here, we demonstrate that several HLMs present within the long C-terminal region from S. cerevisiae Dcp2 directly interact with Pat1. These HLMs are located in a region that does not mediate the interaction with yeast Edc3. We also identify a HLM in yeast Xrn1, which is responsible for its interaction with Pat1 (8, 9) . This differs from Drosophila melanogaster XRN1, which interacts directly with the DCP1 EVH1 domain via a proline-rich sequence (38) (Fig. 5B ). To our knowledge, although a proline-rich sequence is also present in yeast Xrn1, there is no clear evidence in S. cerevisiae for a direct interaction between Xrn1 and the Dcp1 EVH1 domain, the latter being involved in the interaction with Edc1 and Edc2 (41, 42) . In human, the DCP1 EVH1 domain interacts with PNRC2, which was recently proposed to be orthologous to yeast Edc1-2 factors (42) but not XRN1. The latter uses a conserved C-terminal extension (EBM for EDC4-binding motif) to interact with EDC4 (38, 43, 44) . Finally, although some weak contact may exist between metazoan DCP1 and DCP2, their interaction requires EDC4 (44, 45) . Hence, human DCP2 and XRN1 interact with EDC4 via SLiMs and can coexist on the same complex together with EDC4 and DCP1 (44) (Fig. 5B ). Our study shows that rewiring of the interaction network between decapping factors is not only restricted to SLiMs that have emerged during evolution to create a new anchoring point between decapping factors or to recruit new factors such as EDC4 (23) . Indeed, the fungal Pat1 C-terminal extension, which acts as binding platform for Dcp2 and Xrn1, is integrated within the fungal Pat1C domain architecture, thereby adding one layer of complexity in the evolution of decapping interaction networks. This study further reveals a mutually exclusive mechanism for the recruitment of Dcp2 and Xrn1 to mRNAs undergoing decay, which differs completely from those previously described for human and fruitfly (38, 44) .
Conclusion
We have previously shown that a S. cerevisiae Pat1 protein lacking the fungal-specific C-terminal extension (Pat1ΔC68) did not rescue the thermosensitive phenotype resulting from the deletion of the PAT1 gene (21) . Our current study reveals that point mutants targeting this region and precluding Dcp2 and Xrn1 interactions with Pat1 have the same effect, highlighting the importance of this region for Pat1 function, mRNA decay, and yeast growth at 37°C. This Pat1 surface further appears as a potential target for the development of drugs against pathogenic yeasts such as Candida and Aspergillus species, which infect patients with compromised immune systems and can cause allergic diseases. Interestingly, LxxLL HLMs are also involved in the binding of coactivators to nuclear receptors (25) . Such a motif is also crucial for the cellular ubiquitin ligase E6AP to interact with the viral oncoprotein E6 from human papilloma virus and then to trigger p53 degradation (46, 47) . As proapoptotic peptides and small molecules targeting LxxLL pocket of E6 oncoprotein have been recently tested (48) (49) (50) , future studies aimed at identifying molecules precluding Dcp2 or Xrn1 HLMs to bind to this fungal-specific Pat1 region could be of great medical interest to develop antifungal drugs.
Materials and Methods
Details on other experimental procedures are available as SI Materials and Methods.
Yeast Strains. All yeast strains are listed in SI Appendix, Table S1 . Yeast strains used for phenotypic and functional assays were derived from the W303 background or the related BMA64 derivative. Strains for two-hybrid assays were derived from MAV203 (Invitrogen). The lithium acetate transformation protocol was used to introduce in cells exogenous plasmids, oligonucleotides (listed in SI Appendix, Tables S2 and S3 , respectively), or linear DNA fragments. Deletions were constructed using standard PCR-based methods while point mutations were introduced using the CRISPR/Cas system described by Ryan et al. (51) . Briefly, plasmids encoding the Cas9 nuclease and a guide RNA targeting the site of interest in the desired gene were first constructed by site-directed mutagenesis of plasmid pRNR2-Cas9::8His-tRNA(Pro)::sgRNA (51) using specifically designed oligonucleotides (SI Appendix, Table S3 ). The parental yeast strain was cotransformed with one of these plasmids (SI Appendix, Table S2 ) and two repair oligonucleotides overlapping the target site and containing the mutation of interest (SI Appendix, Table S3 ). Transformants were recovered on YPDA-G418 plates. Screening for the presence of the desired mutation was performed by PCR and restriction digest, thanks to the polymorphic restriction site introduced in the repair oligonucleotide(s). The sequence of the mutation region was determined by sequencing the PCR product. A derivative, lacking the Cas9 gene and G418 marker following the random loss of the corresponding plasmid, was recovered and used for further studies.
Yeast growth assays. Cells carrying chromosomal mutation were grown at the permissive temperature in YPDA media. Cultures were diluted to an optical density of 0.1 at 600 nm (OD 600 ) with sterile water. Three microliters of this dilution as well as 10-fold serial dilutions were plated on YPDA plates. Cell growth was monitored after 48 h at the indicated temperature. For plasmidencoded Pat1 mutation, the cognate plasmid and control vectors (SI Appendix, Table S2 ) were first introduced in Δpat1Δdhh1 and Δpat1Δscd6Δedc3 cells (YFW168 and BSY2601, SI Appendix, Table S1 ) and transformants selected on −TRP plates. Transformants were grown in liquid synthetic complete (SC) medium lacking tryptophan and containing 2% glucose. Growth assays were then performed as described above, except that −TRP selective plates incubated for 3 d were used.
